The growth responses of a sunflower seedling (Helianthas annus L.), subjected to repeated inversion, were characterized by time-lapse recording in coqjunction with video image analysis. The investigation revealed a characteristic response pattern and established that the directional movement of the seedling is achieved by both inhbiitio and stimulation of growth in the normal growing regions. The complex growth changes in contiguous regions of the hypocotyl are such as seem to be inexplicable in terms of an environmentally imposed gradient of a single growth substance.
itself affect growth (1, 5), it is essential to avoid any extraneous disturbance ofthe plant, and a specially designed growth chamber in which the seedling could be smoothly rotated was used to minimize disturbance.
Video recording of an experimental sequence has several advantages over cine photography, especially the fact that it is cheaper and also permits on-screen measurements to be made in real time. Moreover, a video camera has the potential for recording under IR radiation of >800 nm. The main advantage of the cine photography lies in the improved quality of photographic reproduction. Several experiments on the growth of inverted seedlings have been filmed with the video camera confirming the general pattern of response of the seedling described here, the growth of which had first been recorded with a cine camera to yield better quality photographs for illustrative purposes.
Plants may have to accomplish massive directional growth movements at various stages of development. To be turned upside down may be a relatively uncommon experience but it can happen, as for example, during ploughing, and seedlings obviously have the ability to cope with such an emergency. Extensive reorientation can also occur during the normal course ofdevelopment, e.g., the inversion and subsequent straightening of the peduncle during floral development of Fritillarias and Papaver (6) . However, the growth kinetics of reorientation consequent to seedling inversion have not received any detailed study probably because of the technical difficulties encountered. Only recently has the requisite hardware for this type of investigation become available.
Traditional methods of growth measurement are in practice, if not in theory, incapable of handling the unwieldly mass of information comprising sequential readings of consecutive regions of a geo-responding hypocotyl; and a semi-automated device such as a linear displacement transducer, while useful for detecting rapid growth responses (1), is of no assistance in identifying the region in which the response occurs. However, the advent of computer technology has overcome the problem of data processing and, used in conjunction with a cine or video camera, makes possible image analysis of plant growth at either the macro-or micro-structural level (9) .
In this paper, we describe an investigation which uses timelapse recording linked to computer processing to characterize the growth responses of a sunflower seedling subjected to an inversion cycle. The seedling hypocotyl was demarcated on both sides with uniformly spaced resin beads, the subsequent positions of which were followed spatially and temporally as the seedling responded to the geo-stress. Because physical perturbation can
MATERIAIS AND METHODS
Growth measurements of suitably marked seedlings (3) were determined by digitization ofanalog video signals. The Newvicon video camera (National Panasonic) can be used to transmit signals from an experiment in situ as shown in Figure 1 or, as happened in the investigation illustrated in this report (Fig. 2) , from a screened projection of a photographically filmed experiment. In either case, the image is transmitted directly to a monitor, or recorded for subsequent display by means of a timelapse video recorder and time-date generator. An auto-search controller facilitated selection of frames from the recorded sequences ( Fig. 1) .
Analysis of the image is accomplished by determining the coordinates of the marker beads delimiting discrete regions of the seedling (Fig. 1 calculated from the sum of 20 individually measured 1-mm zones. Screen linearity was checked and adjusted using potentiometers on the video analyzer and camera.
Etiolated sunflower (Helianthus annuus L.) seedlings about 2 cm in height were selected from a batch of seedlings growing in individual rectangular cuvettes (1 x 1 x 2.5 cm) containing 1% agar (7) . Resin beads sieved through 25 to 35 mesh (400-500 ,m) were lightly coated with lanolin and used to delimit a series ofzones, each approximately 1 mm, along the seedling hypocotyl and the cuvettes then attached with adhesive to the basal plinth of the growth chamber (Fig. 1) . To keep the growing region of the seedling in view, the position of this plinth can be adjusted by means of a minature jack enclosed in a light-tight box. Rotation of the growth chamber and its carrier assembly, on the terminal block ofthe extension trunking linking the camera with the growth chamber, allows the seedlings to be smoothly inverted. Growth was filmed using a Beaulieu R 16 cine camera and Schneider Kreuznach Makro-Tele-Zenar F 2.8 lens in conjunction with an intervalometer and autoflash transmitting through a double layer of Rank Strand green Cinemoid film (No. 39). The growth as recorded on film was subsequently analyzed by means of the video equipment. The actual growth rates for apical, middle, and basal regions, each comprising a number of zones, are given in Table I . The extremities of the middle region as applicable to either side of the hypocotyl are indicated. The corrective behavior of a sunflower seedling afterinveson sake of concise presentation, the zones have been grouped in is illustrated in Figure 2 . The major regions of hypocotyl expan- Table I into three composite regions-apical, middle, and sion and contraction (which processes determine the behavior basal-with growth values reported on a regional basis. Again, pattern) are indicated in Table I and Figure 2 . The seedling no anatomical or physiological equivalence is implied. The loillustrated was demarcated into 13 zones on the inner hook (left) cation of the middle region at each time interval is indicated in side and 18 zones on the outer hook (right) side. The numbering Figure 2 , the apical and basal regions being the remaining of the zones as referred to in Tables I and II The overall growth that brings about the reorientation of the hypocotyl is, of course, compounded of the growth of individual zones, but the major growth events are such as can be described on a 'regional' basis (Table I ) and the greater detail that is possible from 'zonal' measurements, does not add significantly to an understanding of the seedling's response. However, growth rates of the most active zones are given in Table II . This serves to highlight the fact that as the inverted seedling returns to the vertical (15.30-17.45), there is a significant deceleration of growth in zones 2 to 5 of the inner hook (left) side and a corresponding acceleration of growth in zones 7 to 9 of the outer hook (right) side, preliminary to equality of growth being achieved on either side.
It should also be noted from Table II that the extent of the growth stimulation in zone 2 on the inner hook (left) side between 12.30 and 15.30 is such as results in compression ofthe hypocotyl between zones 5 and 9 on the outer hook (right) side. It must be emphasized that this is not an artefact due to the beads on the concave curving surface coming closer together. On curving surfaces, measurements were made, not from the center of one bead to the center of the adjoining one, but from the point of contact of the bead with the surface of the hypocotyl, the measurements therefore being along the line of the hypocotyl.
When the seedling was reinverted (17.50), further intensification of this growth pattern (deceleration on the inner hook side and acceleration on the outer side) brought about the directional response necesary to achieve a vertical orientation; and doubtless one reason for the more rapid attainment of the vertical from the reinverted position (17.50), as compared with the inverted position (9.30), is that the appropriate growth pattern was already operating, or at least developing, in one case and not in the other. This growth pattern continues through the 1st h (18.50); but, by the 3rd h (20.50-21.50), as the seedling resumes a vertical orientation, growth recommences on the inner hook side and decelerates on the outer hook side. The slightly anomalous behavior of the first zone of the inner hook side following reinversion (17.50) is brought out in TableII. In contrast to the adjoining distal zones on the same side, the first zone maintained a high growth rate throughout the period.
When the reorientation of the seedling was completed (21.50), not only had the hypocotyl adjusted to a configuration identical with the original (9.10), but during all the compensatory changes in growth rate, similar amounts of total growth (TableI, bottom line) had occurred on both sides of the hypocotyl, indicating both the reliability of the method and a high degree of growth coordination in the seedling.
Although the results shown relate only to one seedling, analyses of similar seedlings confirmed that the observed growth pattern 
